The ultrabright femtosecond X-ray pulses provided by X-ray freeelectron lasers open capabilities for studying the structure and dynamics of a wide variety of systems beyond what is possible with synchrotron sources. Recently, this "probe-before-destroy" approach has been demonstrated for atomic structure determination by serial X-ray diffraction of microcrystals. There has been the question whether a similar approach can be extended to probe the local electronic structure by X-ray spectroscopy. To address this, we have carried out femtosecond X-ray emission spectroscopy (XES) at the Linac Coherent Light Source using redox-active Mn complexes. XES probes the charge and spin states as well as the ligand environment, critical for understanding the functional role of redox-active metal sites. Kβ 1,3 XES spectra of Mn II and Mn 2 III,IV complexes at room temperature were collected using a wavelength dispersive spectrometer and femtosecond X-ray pulses with an individual dose of up to >100 MGy. The spectra were found in agreement with undamaged spectra collected at low dose using synchrotron radiation. Our results demonstrate that the intact electronic structure of redox active transition metal compounds in different oxidation states can be characterized with this shotby-shot method. This opens the door for studying the chemical dynamics of metal catalytic sites by following reactions under functional conditions. The technique can be combined with X-ray diffraction to simultaneously obtain the geometric structure of the overall protein and the local chemistry of active metal sites and is expected to prove valuable for understanding the mechanism of important metalloproteins, such as photosystem II.
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energy-dispersive XES | Kβ emission lines | femtosecond x-ray spectroscopy T he first X-ray free-electron laser (XFEL) operating in the hard X-ray regime (1), the Linac Coherent Light Source (LCLS), produces ∼5-to 400-fs X-ray pulses with up to ∼10 12 photons per pulse at 6-10 keV at a repetition rate of 120 Hz. Each of these X-ray pulses is intense enough to expel multiple electrons from the target, which can lead to a Coulomb explosion that destroys the sample. In a shot-by-shot experiment, data are collected from each pulse before the destruction of the sample, and the sample is replenished after each pulse. The feasibility of this "probebefore-destroy" approach for X-ray crystallography experiments using XFEL pulses was first demonstrated by Chapman et al. with various systems and has subsequently been corroborated by others at the LCLS (2-6).
Whereas X-ray crystallography is an important method for studying the geometric structure of entire complexes, X-ray absorption and emission spectroscopy are powerful techniques for studying the local chemistry in both inorganic systems and metalloproteins. X-ray absorption spectroscopy (XAS), where the unoccupied states are probed, has long been applied to various systems using synchrotron radiation (SR) (7) (8) (9) , and recent advances in this methodology have made it possible to conduct time-resolved experiments in the picosecond domain (10) (11) (12) (13) . In recent years, X-ray emission spectroscopy (XES) has also been increasingly used at SR sources for the study of metalloproteins (14-16), geochemical systems (17) (18) (19) , coordination complexes (20, 21) , and inorganic catalytic centers (22) . Complementary to XAS, XES probes the occupied electron levels and provides information about the electronic structure, charge/ spin densities, and the nature of ligands (23) (24) (25) . The Kβ 1, 3 and Kβ′ lines probe the number of unpaired 3d electrons, hence providing information about the oxidation and/or spin state (14, 23) . The Kβ 2,5 and Kβ′′ lines result from ligand 2s/2p to metal 1s cross-over transitions and provide information about the ligand environment and symmetry (15, 16) .
In contrast to XAS, the XES method requires a custom-built, high-resolution analyzer instrumentation capable of capturing a large solid angle of the emitted photons, which is not standard equipment at most X-ray sources (26, 27) , and hence the method is not as commonly used as XAS techniques. However, XES has some important advantages that make it specifically suitable for XFEL applications: (i) the energy of the incident X-rays does not need to be varied to obtain an XES spectrum, and (ii) the incident X-ray energy and bandwidth is not critical as long as it is above the absorption edge of the element under study. Hence, XES can be adapted to shot-by-shot data collection when using energy-dispersive XES analyzer optics (28) to study the chemical intermediates and the time evolution of the reaction at room temperature (RT).
Chemical intermediate states, particularly in biological systems, have traditionally been studied by cryo-trapped methods at SR sources to understand the catalytic pathways (14) . However, this approach does not allow real-time observation of the This article is a PNAS Direct Submission. 1 To whom correspondence may be addressed. E-mail: bergmann@slac.stanford.edu, vkyachandra@lbl.gov, or JYano@lbl.gov.
electronic structural changes and/or bond forming/breaking at the wide range of time scales in which they are expected to occur. Major hurdles for conducting the experiments under ambient/ functional conditions are the severe radiation damage at RT and the difficulty of acquiring time-resolved data with the required signal-to-noise ratio in a reasonable amount of time and with limited quantities of samples. This is in particular the case for most biological and biomimetic systems that work in dilute, aqueous environments. Therefore, at SR sources, X-ray absorption and emission spectra of most redox active biological/aqueous systems are collected under cryogenic conditions, thus minimizing diffusion of hydroxyl and other radical species that are the major cause of radiation damage (29) (30) (31) (32) .
XFEL-based spectroscopy has the potential for overcoming these limitations. Whereas time-dependent SR-based studies are generally limited to the picosecond time resolution of the source (13), X-ray spectroscopy at XFELs can be used to study the dynamics of the electronic structure in the femtosecond time domain. The ultrashort femtosecond X-ray pulses of XFELs can also overcome radiation damage caused by radical diffusion with the "probe-before-destroy" approach, because the time scale for radical diffusion is in the picosecond range. Moreover, the high flux of XFEL pulses should allow for the collection of timeresolved data from dilute samples or weak emission signals within a reasonable amount of time.
The feasibility of performing X-ray spectroscopy studies at XFELs has been questioned because of concerns regarding damage to the samples and other processes that may alter the intensities or spectral shapes caused by the intense X-ray pulses.
In this work, we report the results of Mn Kβ 1,3 XES collected at room temperature in a shot-by-shot mode at the LCLS. The study determines the feasibility of XES using XFEL pulses and provides the basis for using XES to monitor the electronic state and integrity of the sample at XFELs.
Results and Discussion X-Ray Damage. Two possible causes for X-ray-induced changes can be considered: (a) effects induced by sequential photon absorption within the time scale of the XFEL pulse and (b) Coulomb explosion caused by the accumulation of excessive charge in the molecule induced by the XFEL pulse. As discussed above, diffusion of X-ray-generated radicals, which destroy the integrity of the system, is not an issue in XFEL measurements.
First, XFEL pulses have been shown to create nonlinear effects at very high peak power densities, which could affect spectral features (33) (34) (35) (36) (37) (38) (39) and could be reflected as new spectral features at different energies (40) . The probability for sequential ionizations is directly related to the product of the fluence and the photoionization cross-section. Considering the cross-section of the most probable 1s photoionization channel of Mn at 9.5 keV (1.4 × 10 −4 Å 2 /atom) and the maximum fluence used in this experiment (∼2 × 10 3 photons/Å 2 per pulse, a flux of ∼1 × 10 12 photons per pulse focused to ∼2 μm FWHM diameter at the sample position, corresponding to 500 MGy), the number of photons per Mn atom per pulse is ∼0.1. If we include the lifetime of the Mn 1s core-hole (0.57 fs) with respect to the pulse length of ∼50 fs, the probability for sequential ionization is estimated to be very low. Regarding the second point, the exact extent and time scale of the XFEL pulse-induced Coulomb explosion is not well understood and may depend on various parameters. For example, for hard X-ray pulses with a fluence of ∼10 6 photons/Å 2 per pulse at 12.5 keV, the Coulomb explosion was calculated to occur in the tens of femtoseconds (41) . It has also been shown, using X-ray diffraction (XRD) at 9.4 keV incident energy and a fluence of 3 × 10 2 photons/Å 2 per pulse, similar to that used in this study, that the damage in the geometric structure caused by the Coulomb explosion occurs on a time scale that is slow enough that a diffraction pattern can be obtained (6) . XRD might even be self-terminating when the XFEL pulses are longer than the time required for causing damage (42) . However, the situation is different for XES measurements, where electronic structural changes are probed. First, X-ray-induced electronic changes might already occur within the time scale of the XFEL pulse and without observable structural changes, and second, there is no self-termination by structural disorder in X-ray spectroscopy. The electronic rearrangements associated with a Coulomb explosion will also change the Mn oxidation state and hence will be reflected in the peak position and shape of the Kβ 1,3 line. This could lead to a misinterpretation of the spectra in terms of peak shifts. Hence, the feasibility of XES studies of redox active transition metal compounds at XFELs needs to be investigated before the technique can be more generally applied.
Energy-Dispersive X-Ray Emission Spectra. To address the above questions, Kβ 1,3 XES spectra were measured at the coherent Xray imaging (CXI) instrument of the LCLS (43) using X-ray pulses of ∼50 fs and ∼100 fs pulse length at 7 keV and 9.5 keV.
The samples were injected into the LCLS X-ray beam in a liquid jet (44) . The spectra were collected in a shot-by-shot mode by means of a multicrystal energy-dispersive spectrometer (28) based on the von Hamos geometry (Fig. 1) . The spectrometer consists of an array of 16 cylindrically bent crystal analyzers (500-mm radius) that diffract and focus the emitted signal onto a position-sensitive detector (Materials and Methods). The 2D spectra were recorded using a Cornell-SLAC Pixel Array Detector module composed of four 185-× 194-pixel CMOS ASICs (pixel size is 110 × 110 μm 2 ) bump-bonded to high-resistivity silicon diodes (45 Terpy contains bridging oxygen atoms between the Mn atoms, a motif that is known to be present in the active sites of both Mn catalase and photosystem II. Moreover, polynuclear synthetic manganese complexes bearing such μ-oxo bridges are also known for being active in oxidation catalysis and bleaching at industrial scales. Mn II Cl 2 is a model for the oxidation state that is generated by X-ray damage at the inorganic/biological catalytic sites. from Mn 3p to 1s transitions and are sensitive indicators of the spin state of metal atoms through the 3p-3d exchange coupling. For high-spin Mn complexes, this translates into information about the oxidation state of the metal. The images are the average of ∼100,000 individual shots (∼13 min of data collection at a 120-Hz repetition rate of the LCLS). A count rate of ∼1,000 counts per pulse in the whole spectral area was obtained for the Kβ 1,3 emission line from the MnCl 2 solution (500 mM Mn) in the fewmicrometers-thick liquid jet, and thus sufficient statistics can be obtained after several seconds of data collection at the LCLS. The von Hamos geometry produces a linear dispersion of the XES energy in the vertical direction. The images show a shift in the position of the maximum intensity by ∼18 pixels, which corresponds to an energy shift of 1.4 eV between the two compounds.
The Mn Kβ 1,3 emission lines are obtained by integrating the detector signal in the nondispersive horizontal direction (Fig. 3) . The Κβ 1,3 peak positions of the Mn II Cl 2 and Mn 2 III,IV Terpy are at 6,493.3 and 6,491.9 eV, respectively. The energy difference reflects the different number of unpaired 3d electrons in the two high-spin compounds (23) . Fig. 3 also shows the spectra from Mn II Cl 2 and Mn 2 III,IV Terpy solutions collected using synchrotron radiation. The Mn II compound is not prone to photoreduction and was therefore collected at RT. In contrast, the Mn III,IV compound is readily reduced to Mn II by diffusion of radicals, and therefore the synchrotron measurement of Mn 2 III,IV Terpy was conducted at cryogenic temperature (10 K) with low dose to avoid photoreduction. The LCLS and the synchrotron-based spectra for both compounds are in good agreement in the overall spectral shape and have the same energy shifts to within 0.05 eV (based on the pseudo-Voigt curve fits). This agreement shows that, under our experimental conditions, we can collect RT XES spectra at XFELs before the X-ray pulses affect the electronic structure.
To further investigate possible X-ray pulse-induced effects on the XES signal, two different X-ray pulse lengths, ∼50 fs and ∼100 fs, and excitation energies, 7 keV and 9.5 keV, were used to study their influence in the XES signal from Mn 2 III,IV Terpy. We did not observe any difference in the shape or the energy position of the Mn Kβ 1,3 spectra. Additionally, different fluences, obtained by attenuating the incident beam, were also used to compare the XES spectral shape. The Mn Kβ 1,3 spectra of Mn 2 III,IV Terpy collected using an incident flux of 10 12 and 5 × 10 10 photons per pulse at 7 keV and 50-fs pulse length were also identical.
Conclusion
We have shown that XES data from redox active transition metal complexes in aqueous solution can be collected at RT using the short femtosecond X-ray pulses at the LCLS. These results suggest that the XFEL-based probe-before-destroy method should also be applicable to other spectroscopic techniques such as X-ray absorption spectroscopy and resonant inelastic scattering spectroscopy in the hard X-ray energy range. This opens the door for time-resolved studies of the chemical dynamics of various catalytic systems and metalloproteins under functional conditions, by triggering reactions chemically, photochemically, or electrochemically.
It is important to note that the XES measurements can be performed in parallel with XRD measurements using the same photon energy for the incident X-ray pulses. For metalloproteins, redox active metal clusters play central roles in electron transfer and catalysis, and protein residues are often critical for mediating these reactions by providing pathways for electrons, protons, substrates, and products. To understand this intricate interplay between protein and metal cofactors, it is desirable to follow the chemical dynamics using spectroscopy simultaneously with the structural changes monitored by crystallography in a time-resolved manner under ambient conditions. Kβ 1, 3 and Kβ′ lines provide intrinsic information about the electronic structure and the advancement of the catalytic intermediates. XES can also serve as an in situ method for monitoring the integrity of metal catalytic centers during XRD data collection; it has been shown in previous SR work (29) (30) (31) (32) that an active site can already be fully damaged when the overall protein crystal structure is still intact.
In principle, valence-to-core emission spectra (Kβ 2,5 and Kβ′′ lines) can also be used for femtosecond XES studies, to collect ligand-sensitive information. However, they are about two orders of magnitude weaker in intensity (∼200 times weaker for Mn) compared with the Kβ 1,3 and Kβ′ lines, making the experiments more challenging.
Materials and Methods
Experimental Conditions. The XES measurements were performed at the CXI instrument of the LCLS (43 mixture. The solution samples were injected into the X-ray probe in the CXI chamber by means of an electrohydrodynamic liquid jet (44) of several micrometers thickness at the interaction region using the cone-jet mode (47) . X-ray pulses of ∼50-fs and ∼100-fs pulse length at a repetition rate of 120 Hz with an energy of 7 keV and 9.5 keV (bandwidth of ∼80 eV) were used for excitation. The X-ray flux was ∼10 12 photons per pulse for ∼50-fs pulses and 3 × 10 11 photons per pulse for ∼100-fs pulses, with a beam size diameter of 2 μm FWHM at the sample. The beam was attenuated using Si filters of different thicknesses.
Energy-Dispersive XES Spectrometer. A high-resolution, wavelength-dispersive X-ray emission spectrometer, based on the von Hamos geometry (48), consisting of a 4 × 4 array of analyzer crystals, was designed to collect spectra at XFELs (Fig. 1 Lower) . The spectrometer was commissioned at synchrotron sources (Stanford Synchrotron Radiation Lightsource and Advanced Light Source) and details are described elsewhere (28) . The spectrometer was installed close to the horizontal plane with a central angle of 81°with respect to the beam direction. The cylindrically bent analyzer crystals (500-mm radius) collect the emitted radiation and diffract the selected energies, in accordance with Bragg's law, onto a 2D detector (Fig. 1 Upper) . The signal was focused by the spectrometer to be centered in the detector in the Fig. 3 . The integrated Kβ 1,3 spectra from the Mn II and Mn 2 III,IV complexes. The integrated RT Mn Kβ 1,3 X-ray emission spectra of Mn II Cl 2 (red, 500 mM Mn) and Mn 2 III,IV Terpy (blue, 180 mM Mn) were collected at the LCLS with 50-fs X-ray pulses. The symbols show Mn II Cl 2 and Mn 2 III,IV Terpy spectra collected with a similar setup at a synchrotron for comparison purposes. The Kβ 1,3 spectrum arises from the 3d-3p exchange coupling (Inset) that makes the spectrum sensitive to the number of unpaired electrons in the 3d orbitals, thereby providing information about the spin state of the complex. For high-spin complexes the position of the peak, therefore, is an indicator of the oxidation state or charge density on the metal. nondispersive axis (horizontal). To collect Mn Kβ 1,3 emission spectra, the Bragg angle range was set from 85.8°to 83.4°, equivalent to an energy range from 6,474.6 to 6,499.4 eV (limited by the detector size) for the Si(440) reflection. This corresponds to a position of 49 and 98 mm from the sample horizontal plane for the center of the crystal array and the detector, respectively. We estimate the energy resolution to be ∼0.5 eV, as it was determined from synchrotron radiation measurements using a larger beam. The two Mn complexes were also measured at synchrotron radiation sources. The Mn II Cl 2 spectrum was collected with the same von Hamos spectrometer using a Pilatus 100 K detector at room temperature (Advanced Light Source beamline 5.0.2), and the Mn 2 III,IV Terpy spectrum was collected with a scanning spectrometer in a cryostat at 10 K using a Vortex detector (Stanford Synchrotron Radiation Lightsource beamline 6-2).
XES Data Analysis. All images were treated initially with a dark current (pedestal) subtraction and corrected for common mode offset followed by application of an experimentally determined gain map. Single-pixel histograms of the recorded pixel values were constructed over all images contributing to the spectrum. Gaussian curves were fitted to the zero and one photon peaks of the histograms, enabling fine-tuned dark and gain corrections to the histograms directly from the data such that the zero photon peak is centered at zero analog-to-digital units and the separation between the zero and one photon peaks is identical for all pixels. The total count for each pixel was obtained by summing the analog-to-digital units values above a threshold of two-thirds the separation between the zero and one photon peaks. The final 1D spectra were obtained by integrating the signal in the nondispersive direction.
